Tyrosine kinase-dependent cell signaling is postulated to be a pivotal control point in inflammatory responses initiated by bacterial products and TNF. Using a canine model of gram-negative septic shock, we investigated the effect of tyrosine kinase inhibitors (tyrphostins) on survival. Animals were infected intraperitoneally with Escherichia coli 0111: B4, and then, in a randomized, blinded fashion, were treated immediately with one of two tyrphostins, AG 556 ( n ϭ 40) or AG 126 ( n ϭ 10), or with control ( n ϭ 50), and followed for 28 d or until death. All animals received supplemental oxygen, fluids, and antibiotics. Tyrphostin AG 556 improved survival times when compared to controls ( P ϭ 0.05). During the first 48 h after infection, AG 556 also improved mean arterial pressure, left ventricular ejection fraction, cardiac output, oxygen delivery, and alveolar-arterial oxygen gradient compared to controls (all P Յ 0.05). These improvements in organ injury were significantly predictive of survival. Treatment with AG 556 had no effect on clearance of endotoxin or bacteria from the blood (both P ϭ NS); however, AG 556 did significantly lower serum TNF levels ( P ϭ 0.03). These data are consistent with the conclusion that AG 556 prevented cytokine-induced multiorgan failure and death during septic shock by inhibiting cell-signaling pathways without impairing host defenses as determined by clearance of bacteria and endotoxin. ( J. Clin. Invest. 1997. 1966-1973.) Key words: tyrosine kinase inhibitor • cell signaling pathways • septic shock • multiorgan failure
Introduction
Sepsis and septic shock are major causes of morbidity and mortality in hospitalized patients (1, 2) . Despite infection control measures, effective antibiotics, and supportive therapies such as intravenous fluid and vasopressors, the incidence of this syndrome has increased over the last decade, and the mortality rate (35-50%) has not changed (1-7). Thus, researchers continue to investigate new therapies to treat this lethal syndrome.
Septic shock is thought to result from the release of proinflammatory cytokines (e.g., tumor necrosis factor-alpha [TNF-␣ ], interleukin 1 [IL-1 ␤ ], etc.) (1, (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . In this view of septic shock pathogenesis, endotoxin and other bacterial products initiate an inflammatory response by activating sentinel cells that release cytokines, including TNF-␣ and IL-1 ␤ (1, [8] [9] [10] [11] [12] [13] . These cytokines amplify the inflammatory response by inducing target cells to release additional and potentially harmful host mediators such as cytokines, eicosanoids, and nitric oxide (1, (8) (9) (10) (11) (12) (13) . Supporting this model, endotoxin and recombinant TNF-␣ or IL-1 ␤ reproduce many of the manifestations of septic shock in both humans and animals (11) (12) (13) (14) (15) . Furthermore, therapies directed against endotoxin (10), TNF-␣ (8), and IL-1 ␤ (9) improve survival in animal models. These preclinical results, however, have not translated into significant beneficial outcomes in human clinical trials of anticytokine and antiendotoxin therapies in sepsis (1, (3) (4) (5) (6) (7) . It is unknown if this failure relates to the bioactivity of the agents studied, the methodologies used, or the hypotheses tested (1, 16, 17) .
Tyrosine kinase inhibitors represent a new approach for treating sepsis. Most previous attempts at blocking inflammation during sepsis have been limited to targeting a single mediator in one compartment of the body (i.e., the circulation) (1, (3) (4) (5) (6) (7) (8) (9) (10) . In contrast, tyrosine kinase inhibitors act directly on cells, not mediators. Specifically, macrophage responses to LPS, including TNF-␣ and IL-1 ␤ synthesis, eiconsanoid production, and enhancement of macrophage tumor killing, all occur via activation of tyrosine kinases (18) (19) (20) (21) (22) (23) . In addition, target cell activation by TNF-␣ and IL-1 ␤ also occurs through tyrosine phosphorylation signaling pathways. Therefore, many of the known cellular effects of LPS and cytokines can be blocked by tyrosine kinase inhibitors (18) (19) (20) (21) (22) (23) . In effect, tyrosine kinase inhibitors target multiple mediators of sepsis simultaneously, and depending on the pharmacokinetic properties of the particular tyrphostin used, have the potential to reach therapeutic concentrations in a variety of body compartments.
Recently, a family of tyrosine kinase inhibitors, tyrphostins, which are derivatives of benzylidene malononitrile, have undergone extensive in vitro and in vivo studies. Tyrphostin AG 126, when given before endotoxin, lowered levels of TNF-␣ produced by murine peritoneal macrophages when measured by either ELISA or bioassay (18) . In vitro TNF-␣ cytotoxicity was reduced by AG 126 when added to mouse A9 fibroblasts. AG 126 also inhibited the phosphorylation of a 42-kD mitogenactivated protein kinase. Importantly, AG 126, when administered before LPS challenge, produced a survival benefit in mu-rine models (18) . In vitro, a more lipophilic tyrphostin, AG 556, prevented LPS-induced activation of protein kinase hck, (an early step in cell activation after LPS challenge) in mouse peritoneal macrophages. AG 556 also reduced mortality in murine models when given up to 2 h after either LPS administration, or a peritoneal E. coli O55:B5 infection (22) .
We have developed a canine model to simulate some of the cardiovascular abnormalities of human septic shock (24) (25) (26) (27) , and have shown that the standard therapies used in patients are beneficial in this model (26) . We studied the effects of the tyrphostins AG 556 and AG 126 on survival and multiorgan failure in this canine model.
Methods
Study drugs. The tyrphostins used were synthesized as previously described (28, 29) . They were dissolved in 0.5 mg и kg Ϫ 1 dimethyl sulfoxide (DMSO) (99.9% purity) (Sigma Chemical Corp., St. Louis, MO), and added to 250 ml 0.9% saline with 25 meq NaHCO 3 . The control animals received 0.5 mg и kg Ϫ 1 DMSO in 250 ml 0.9% saline with 25 meq NaHCO 3 . The doses of AG 556 (2.5 mg и kg Ϫ 1 every 6 h ϫ 2) and AG 126 (10 mg и kg Ϫ 1 every 6 h ϫ 2) were chosen based on results from canine leukocyte experiments (see Results) and murine sepsis models (18, 22) .
Study design. All animals were observed after placement of an intraperitoneal E. coli -infected clot for 28 d, or until death. Because we were unable to study more than four animals simultaneously, only four animals were entered into the study each week for 25 wk. Animals were observed continuously for the first 36 h after clot implantation. Any unobserved death was considered to have occurred when the animal was found. The duration of survival (h) was determined from the time of clot implantation. As prospectively determined, any animal killed before completion of the 28-day study was considered a nonsurvivor, and was included in the analysis. Animals were randomly assigned to a treatment arm, and investigators were blinded to the animals' treatment. Only one of the statisticians (David W. Alling) who monitored weekly survival results knew which treatment the animals received. In the first stage of this study, 40 animals were used: 10 received AG 556, 10 received AG 126, and 20 received vehicle alone (controls). After analysis of the 40 animals, we initiated a second phase of the study, comparing the efficacy of AG 556 vs. control in an additional 60 animals (see Statistical methods).
Animal model. 1-2-yr-old 10-12 kg purpose-bred beagles were studied. Only intraperitoneal placement of the fibrin-thrombin clot on day 0 required general anesthesia. Intravascular catheters were placed on days 0, 2, and 28 with subcutaneous infiltration of local anesthetic (1% lidocaine); they were removed each day after completion of hemodynamic and laboratory evaluations (24) (25) (26) (27) 30) .
On the day of surgery (day 0), animals were given a short-acting intramuscular sedative-analgesic (2 mg и kg Ϫ 1 of xylazine hydrochloride with 0.03 mg и kg Ϫ 1 of atropine sulfate). Animals then had an 8.5 french intravenous catheter percutaneously placed into the external jugular vein. Intraoperative fluids were given (50 ml и kg Ϫ 1 of 0.9% saline over 30 min). After mask induction of anesthesia by inhalation of isoflurane, the trachea was intubated. Inhaled isoflurane concentration was maintained at 1-3% in 100% oxygen, and animals breathed spontaneously during intraperitoneal placement of an infected (7.5 ϫ 10 9 colony-forming units E. coli , 0111:B4 и kg Ϫ 1 of body weight) fibrinthrombin clot which was prepared using previously described methods (24) (25) (26) (27) 30) . After closure of the laparotomy, 6 ml of 0.25% bupevicaine hydrochloride was injected subcutaneously around the laparotomy incision, and then the isoflurane was discontinued and animals were extubated when awake. This surgical procedure lasted approximately 30 min.
Therapeutic interventions. Directly after clot implantation, animals received a tyrphostin or vehicle infusion in a light-shielded infusion bag intravenously over 30 min. Ceftriaxone sodium (HoffmannLaRoche Laboratories, Nutley, NJ) 100 mg и kg Ϫ 1 was given intravenously 6 h after clot implantation, and then once a day for 5 d. Immediately after the 6-h antibiotic dose, the infusion of tyrphostin or vehicle alone (control) was repeated. A fluid infusion of 10 ml и kg Ϫ 1 Ringer's solution was given from 6-30 h. For the first 30 h of the experiment, a total of 410 ml и kg Ϫ 1 of Ringer's solution was given to animals in all groups. The fluid requirements were based on previous studies in animals where infected animals were continuously monitored with arterial and Swan-Ganz catheters to guide fluid therapy (26) . Animals were maintained in Kirschner cages (Plas-Labs, Lansing, MI) at 27 Њ C with oxygen infused to keep the fraction of inspired oxygen (FiO 2 ) ϭ 40% from 6-30 h. Animals were only removed for 30 min from cages at 9 and 24 h to allow equilibration with room air for hemodynamic evaluations, and were then immediately returned to the Kirschner cages. Animals had unrestricted access to food and water throughout the study, except for 12 h before the surgery.
Hemodynamics and blood chemistries. For baseline evaluation, we measured hemodynamic and laboratory values at least 7 d before clot implantation. Data were obtained from femoral arterial and balloon flotation thermodilution pulmonary arterial catheters inserted using local anesthesia. Moments later, a fluid challenge of Ringer's solution (80 ml и kg Ϫ 1 of body wt over 30 min) was given, and the hemodynamic studies were repeated. To determine the serial effects of sepsis over 28 d, we repeated the same hemodynamic and blood chemistry evaluation performed at baseline on days 1, 2, and 28 after surgery. At 9 h postsurgery, hemodynamic values were obtained without the fluid challenge. Measurements included heart rate (beats и min ) (24) (25) (26) (27) 30) . To determine left ventricular ejection fraction, we performed radionuclide-gated blood pool scans using previously described techniques (24) (25) (26) (27) 30) . Hemodynamic data were indexed to body weight in kilograms. Cardiac index (CI, ml и min Ϫ 1 per kg
), stroke volume index (ml и kg ), and alveolar-arterial oxygen gradient (AaP O 2, Torr) were calculated using standard formulas.
Arterial and mixed venous blood gases were measured at 37 Њ C with a blood gas system (model 288; CBI-Corning, Medfield, MA). Blood lactate levels were measured using a glucose-lactate analyzer (model 2300 STAT; Yellow Springs Instrument Co., Yellow Springs, OH). Complete blood counts were performed using an automatic analyzer (model STK-S; Coulter Electronics, Hialeah, FL). Measurements of electrolyte levels and chemical analyses of the blood (e.g., calcium [Ca] , phosphorus, glucose, urea nitrogen, creatinine, uric acid
, alkaline phosphatase, lactate dehydrogenase, total bilirubin, triglyceride, and cholesterol levels) were done using an automated chemistry analyzer (model AU 500; Olympus, Irving, TX). On day 0, blood was obtained in pyrogen-free tubes for endotoxin and TNF levels, and quantitative blood cultures, at the times shown (see Fig. 5 , A and B ). Endotoxin concentrations were determined from heparinized plasma that was diluted, heat-treated, and then assayed using a kinetic modification of the chromogenic Limulus amebocyte lysate assay (Whittaker Bioproducts, Walkersville, MD), as previously described (27).
1. Abbreviations used in this paper: AaPO 2 , alveolar-arterial oxygen gradient; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CI, cardiac index; DO 2 I, oxygen delivery index; GGTP, gamma glutamyl transpeptidase; IS, internal standard; MAP, mean arterial pressure.
TNF concentrations were determined with a quantitative TNF cytotoxicity assay using WEHI 164 cells in 96-well plates; results were calculated based on the values obtained from a recombinant human TNF standard, as previously described (30) .
Tyrphostin levels. On day 0, tyrphostin serum levels were determined 5 and 15 min after the first dose of tyrphostin (immediately after infected clot implantation), and 5 and 15 min after the second dose of tyrphostin (6 h after infected clot implantation). Animal serum samples were analyzed for tyrphostin levels in a blinded fashion. First, as an internal standard (IS), another tyrphostin, AG-17 (0.3 mg/ ml) in methanol, was added to 100 l of the serum sample. Following vortexing, 30 l of 0.3% HCl solution were transferred into the test tube, and 1 ml of t -butylmethyl ether was then added. The drug and IS were next extracted. To assure complete extraction of drug and IS, the two-phase mixture was thoroughly mixed by vortexing for 120 s, and the phases were then separated by 10 min of high-speed centrifugation. The organic phase (upper phase) was collected and evaporated to dryness under vacuum. The dry residue was then reconstituted in 100 l methanol, and 20 l of the methanolic solution was injected into the high pressure liquid chromatograph. The chromatography was carried out using a RP-18 column with particle size of 5 m, and a mobile phase containing acetonitrile 70% in water with 0.05% trifluoroacetic acid. The concentration of the drug was determined spectrophotometrically at a wavelength of 363 nm. Drug concentrations were determined on the appropriate standard curves.
In vitro study. Peripheral canine mononuclear cells were obtained from heparinized peripheral blood as follows. After centrifugation at 170 g for 10 min at 4 Њ C, the cell pellet was resuspended in RPMI 1640 containing heat-inactivated newborn calf serum (20%). Adherent macrophage monolayers were obtained by plating of the cells in 96-well microtiter plates at 2 ϫ 10 6 cells per well, and incubation for 2 h at 37ЊC in 5% CO 2 . Nonadherent cells were removed, and fresh medium (RPMI 1640 containing heat-inactivated newborn calf serum) was added. After incubation of macrophage monolayers for 24 h, tyrphostins were added (AG 126 at 50 M and AG 556 at 10, 20, and 50 M) and incubated for 1 h before the addition of 10 g/ml endotoxin (Sigma). After incubation for 24 h, TNF-␣ concentrations were determined by a biological assay using A9 mouse fibroblast cell lines (18) . The studies were done in duplicate using cells from two animals.
Studies in noninfected animals. In normal animals, intravascular catheters were placed, and hemodynamic and laboratory studies were performed as done in infected animals at baseline. Animals were given AG 126, AG 556, or control solutions in a manner similar to infected animals, but without surgical placement of an infected clot. All of the baseline hemodynamic and laboratory studies were repeated at 1, 4, and 24 h after drug infusion. Two animals received AG 126 at 40 mg/ kg, two animals received AG 126 at 20 mg/kg, and one animal received AG 126 at 10 mg/kg. Three animals were given AG 556 at 6.25 mg/kg. Seven control animals received vehicle alone, 0.5 mg/kg of DMSO.
Animal care. This experimental protocol was approved by the Animal Care and Use Committee of the Clinical Center of the National Institutes of Health. Throughout the studies, all efforts were taken to minimize animal pain and suffering.
Statistical methods. We planned and carried out a two-stage adaptive design for our blinded study. 40 animals (20 control, 10 treated with AG 556, and 10 treated with AG 126) were admitted to the first stage, at the end of which survival was evaluated (see Fig. 1  A) . AG 126 treatment was no better than control, whereas AG 556 treatment appeared beneficial. After an interim analysis, it was decided to terminate the AG 126 arm (descriptive level, Dunnett test P ϭ 0.42), but to continue the study of AG 556 (Dunnett test P ϭ 0.106) in a second stage consisting of 60 animals (30 controls, 30 AG 556). At the end of the second stage, we compared overall results for animals treated with AG 556 and controls using a statistical method described by Bauer and Kohne (31) . In their notation, we had set bounds on P 1 , the first-stage descriptive level of significance, at 0.00575 (␣ 1 ) and at 0.2 (␣ 2 ). Thus, a value of P 1 less than ␣ 1 would have led to rejection of the null hypothesis, whereas a value greater than 0.2 would have led to an acceptance of the null hypothesis (In fact P 1 ϭ 0.106). An upper bound of 0.5 on P 2 , conditional on P 1 being greater than 0.0575, was also set. Since the descriptive level of significance (log rank test) for the second stage was P 2 ϭ 0.00577, the product of P 1 and P 2 used in the Fisher omnibus test was P 1 P 2 ϭ 0.006116. Calculations like those leading to equation 3 of the reference yield an overall (one-sided) type 1 error probability of 0.026, which results in a two-sided value of 0.052.
For hemodynamic, pulmonary, and laboratory parameters, an ANOVA (32) was performed. Only control or AG 556 animals were included in the ANOVA, and as no interim look at these data was performed, the P-value was not adjusted. At baseline, a one-way ANOVA was used to demonstrate that no significant differences existed between control and AG 556. A three-way ANOVA was performed, with effects for treatment, dog (nested within treatment), and time as the main effects. In addition, the two-way treatment time interaction was examined. All other interactions were pooled to form the error term for the ANOVA. Data were transformed using either a logarithmic or square root transformation if a Shapiro-Wilk test indicated significant departure in the normality of the residuals. Spearman correlations between survival times and those hemodynamic and laboratory parameters that were found to have significant differences in time course were also computed.
Tyrphostin levels at 5 and 15 min after two different infusion times were also analyzed by a three-way ANOVA. In addition, the half-life of AG 556 was estimated when a 5-min value was greater than a nonzero 15-min value for all animals receiving AG 556.
Serial TNF levels were initially analyzed by an ANOVA, but large variability at baseline (even in a transformed scale), led to nonsignificant results. A summary statistic based on previous analyses of canine model data (30) was computed as follows: the maximum TNF level observed between 1 and 9 h was divided by the minimum value seen outside this time period to yield a normalized percent increase summary statistic. This summary statistic was analyzed by ANOVA with treatment group and survival status as the two main effects. The reported data (see Table I ) show the computed mean maximal increases, which is the product of the mean percent increase and the average baseline TNF level (2.9Ϯ0.9 ng/ml).
Results
Clinical manifestations and survival. During the 4 d after surgery, all animals had typical signs of sepsis (appearing weak, lethargic, and anorexic). No animal died within the first 6 h after infected clot implantation. The following animals were killed by a veterinarian who was unaware of the assigned treatment group: between 20 and 27 h, three animals in the AG 556 group and two in the control group with intractable seizures; between 27 and 48 h, two animals in the control group with respiratory failure and, at day 17, one animal in the AG 556 group with persistent nausea, vomiting, and inanition. As prospectively determined, all of these animals were included in the analysis, and were considered to be nonsurvivors with a survival time equivalent to the time of death. The survival times of AG 556-treated animals were significantly improved compared to controls (P ϭ 0.05; Fig. 1 C) . The survival times of AG 126-treated animals were not significantly different compared with controls (P ϭ NS; Fig. 1 A) .
Cardiopulmonary. Cardiopulmonary measurements obtained at the baseline time point were not significantly different in the AG 556 animals vs. controls (P ϭ NS; data not shown). In AG 556-treated animals at 9, 24, and 48 h after infected clot, the fall in mean MAP, left ventricular ejection fraction, CI, DO 2 I, and PCWP were significantly less compared to controls ( Fig. 2 for probability values) . In AG 556-treated animals, only after 48 h was the mean AaPO 2 significantly lower than controls. Comparing AG 556 versus controls, there were no other significant differences in any other cardiopulmonary parameter measured throughout (P ϭ NS; data not shown).
We tested the hemodynamic parameters significantly improved by AG 556 during sepsis for their ability to predict outcome. Fig. 3 A shows the correlations of each of these cardiopulmonary parameters with survival to give an indication of the strength of the predictive capabilities of each parameter. At 9 h, for control and AG 556-treated animals alike, a higher MAP was significantly predictive of survival (P ϭ 0.05). At 24 and 48 h, a higher MAP, CI, and DO 2 I were significantly predictive of survival (all P Յ 0.05). At 24 and 48 h, a higher EF, This was done for comparative purposes to indicate the strength of the predictive capabilities of these parameters. *At this time point this variable was significantly predictive of outcome in all animals studied. † Indicates there was no significant change in the predictive capabilities of this parameter from the previous time point. **Indicates that this parameter was not significantly predictive of outcome at this time point but not in a range to indicate convincingly no effect (P ϭ 0.06).
and at 48 h, a lower AaPO 2 , were not significantly predictive of survival but were in a range suggestive of some effect (both P ϭ 0.06) on outcome. PCWP in AG 556 and control animals had no significant ability to predict outcome throughout (P ϭ NS). Laboratory. At baseline, there were no significant differences in any of the laboratory parameters measured for AG 556 versus control animals (P ϭ NS; data not shown). After clot implantation, there were no significant differences between groups in laboratory parameters except for liver function tests ( Fig. 4 ; all other data not shown). At 24 h only, AG 556-treated animals had significantly higher mean GGTP levels than did controls. GGTP levels at 24 h, however, were not significantly predictive of, nor correlated with, survival throughout (Fig. 3 B) . Furthermore, at 9, 24, and 48 h combined, AG 556-treated animals did not have higher mean ALT and AST levels compared to controls (P ϭ NS). Moreover, a low AST in control and AG 556-treated animals alike was significantly predictive of survival at 24 and 48 h (both P Յ 0.05; Fig. 3 B) .
We noted in reviewing the GGTP data that only a small subset of animals at 24 h had high GGTP levels. To further characterize this subset of animals with the GGTP abnormality, we determined that at baseline, a value of Ն 15 U/liter was more than two standard deviations from the mean. At 24 h after clot implantation (meanϮSE), GGTP levels were Ն 15 U/ liter for 13% (5 of 38) of control, and 25% (9 of 28) of AG 556-treated animals. We next examined other laboratory parameters studied for significant differences between animals with high and low GGTP levels to determine if there was a recognizable pattern of abnormalities. Two types of analyses were done. First, we compared differences between high vs. low GGTP animals across treatment groups. If there were no significant differences, we then compared all animals irrespective of treatment group with high vs. low GGTP levels. Despite this analysis, no easily discernible pattern to indicate the source of this AG556 associated rise in GGTP during sepsis was discovered (data not shown).
TNF, endotoxins, blood cultures and tyrphostin AG 556 serum levels. The mean maximal increase in TNF levels after clot implantation was significantly higher in nonsurvivors vs. survivors in both AG 556-treated animals and controls (P ϭ 0.001; Table I ). AG 556-treated animals, however, had significantly lower mean maximal increases in TNF levels in survivors and nonsurvivors compared with control-treated animals (P ϭ 0.03; Table I ).
Endotoxin levels were significantly elevated after clot implantation in all treatment groups (all P Յ 0.05), but showed no significant differences between AG 556 and control groups throughout (P ϭ NS; Fig. 5 A) .
Quantitative blood bacterial counts rose in all treatment groups 6 h after clot implantation (all P Յ 0.05), but there was no statistically significant difference in the numbers of colonyforming units of E. coli per ml of blood comparing AG 556 and control groups throughout (P ϭ NS; Fig. 5 B) .
Tyrphostin AG 556 levels (meanϮSE) in treated animals were 1.00Ϯ0.49 g/ml at 5 min, and 0.28Ϯ0.08 g/ml at 15 min after the first dose of AG 556 (immediately after clot implantation), and 0.61Ϯ0.17 g/ml at 5 min, and 0.17Ϯ0.03 g/ml at 15 min after the second dose of AG 556 (6 h after clot implantation). Mean AG 556 levels were significantly elevated (P ϭ 0.01) in the AG 556-treated group compared to controls (0.0 g/ml throughout). In AG 556-treated animals, the mean levels of AG 556 at 5 min were significantly higher (P ϭ 0.03) than at 15 min after infusion. Calculated serum half-life of the tyrphostin AG 556 was 9.2Ϯ4.5 min immediately after infected clot implantation, and 7.4Ϯ4.6 min at 6 h.
In vitro experiments. Both AG 556 (10-50 M) and AG 126 (20 and 50 M), when added to canine WBCs (n ϭ 2) in vitro, significantly prevented LPS-induced increases in TNF levels (P ϭ 0.04). The range of TNF levels produced was Ͻ 0.05 ng/ml (control); 20-23 ng/ml (LPS alone); and 2-8 ng/ml (AG 126 with LPS or AG 556 with LPS). AG 556 and AG 126 administration to normal animals. AG 556 (6.25 mg/kg), when given to normal animals (n ϭ 3), caused no significant hemodynamic or metabolic abnormalities over 24 h when measuring the same parameters outlined in Methods for infected animals compared to controls (DMSO alone; n ϭ 7) (data not shown). AG 126, at doses Ն 20 mg/kg, caused nausea and vomiting during infusion. Otherwise, AG 126 at 10-20 mg/kg (n ϭ 3) caused no significant hemodynamic or metabolic abnormalities over a 24-h period when compared with controls. DMSO, when given to normal animals at the doses used in this experiment (0.5 mg/kg DMSO; n ϭ 7), caused no significant changes in hemodynamic or laboratory parameters over a 24 h period compared to baseline (pre-DMSO).
Discussion
In a randomized, blinded, controlled trial in canines with gram-negative bacterial peritonitis, tyrphostin AG 556 significantly improved survival. This survival benefit was in addition to that produced by standard sepsis therapies of antibiotics, fluid support, and supplemental oxygen. AG 556 also prevented the multiple organ dysfunction of sepsis, as demonstrated by reductions in pulmonary, cardiac, and vascular abnormalities. In this study, organ injury was significantly predictive of outcome. Treatment with AG 556 had no effect on clearance of endotoxin or bacteria from the blood, but did lower serum TNF levels. These data are consistent with the conclusion that, independent of an antibacterial effect, and without impairing host defenses, AG 556 prevented multiorgan failure and death by inhibiting cell signaling pathways and subsequent cytokine production.
AG 556 exerted its beneficial effect on survival over an extended period of time. Of note, for the first 24 h AG 556-treated animals had remarkably similar survival rates compared with controls. Only after 24 h did the survival effect of AG 556 begin to emerge. Also, it was not until 24 h after clot implantation that AG 556-associated reductions in organ injury became consistently predictive of survival. During this time, all animals received large but similar quantities of fluids, but vascular and cardiac filling pressures were higher in the AG-556 treated animals. Despite higher filling pressures, the alveolar-arterial oxygen gradient, a potential indirect indicator of vascular leak, was improved (lower) in AG 556-treated animals. One interpretation consistent with these data is that during bacteremia, inhibition of tyrosine kinase signal transduction by AG 556 blocked the initiation of harmful inflammatory responses, resulting in less vascular damage over time. This in turn yielded less vascular leak, intravascular volume loss, hypotension, organ injury, and death.
In contrast to AG 556, tyrphostin AG 126 provided no hemodynamic or survival advantage over control-treated animals when given after clot implantation. In previous experiments, AG 126 was effective in a murine model only when given before infection or endotoxin challenge (18) . In contrast, AG 556 was effective both given before or after bacterial and endotoxin challenge in the murine model (22) . Taken together, these studies suggest that AG 126, but not AG 556, must be given prophylactically to be effective. This timing difference between the two tyrphostins could be related to pharmacodynamic properties or relative doses. AG 556 contains an aliphatic chain which terminates in a phenyl moiety, making it more lipophilic than AG 126 (18, 22) . It is possible that this lipophilic nature allows for better uptake by the cell, and thereby for more rapid intracellular distribution and blockade of signal transduction. Since the reported mechanism of action of tyrphostins involves blocking intracellular signal transduction (18, 19, 22) , effects of tyrphostins may not be dependent on circulating levels, but rather on intracellular uptake. Consistent with this hypothesis, the serum half-life of AG 556 was quite short (5-10 min), but the effects on survival occurred over days.
A greater proportion of animals treated with AG 556 had a significant increase in GGTP levels compared to controls, but only at 24 h. This GGTP abnormality was not associated with elevations in either ALT or AST, suggesting that this elevation might not be related to liver necrosis (Fig. 4) . Further elevation of GGTP was not associated with mortality (Fig. 3 B) . In fact, the two animals with the highest GGTP levels survived. There were no baseline characteristics to explain why animals developed high GGTP levels. GGTP is found in multiple tissues, including hepatobiliary tree, pancreas, intestine, spleen, eye, seminal vesicles, and kidneys (33) . In animals with GGTP elevations, there was no consistent pattern of changes associated with any other blood chemistries measured to suggest a clear source or etiology for this increase. The possibility remains that AG 556 may increase GGTP elevations in patients with sepsis, and future clinical trials should look closely at dose and timing of this agent in relation to potential effects on this enzyme and other measures of hepatic function. Three points are worth noting about this study. First, only one dosage of AG 556 was used in this experiment, and it was chosen based on experimental data in mice; it is not yet clear that this is the optimal dosing regimen for beneficial effects. Second, many previous studies of potential therapies for sepsis in this model have showed harm or no significant benefit (1, 27, (34) (35) (36) (37) (38) . Conversely, antiendotoxin IgG monoclonal antibodies specific for the oligosaccharide side chain expressed by the infecting bacteria (E. coli 011:B4) were found to be effective in this model (39) . AG 556 is the only other investigational agent given therapeutically that significantly prolonged survival over and above that observed with conventional antibiotic and cardiovascular support in this model (1, 27, (34) (35) (36) (37) (38) (39) . Lastly, AG 556 was given directly after bacterial clot implantation. Clinically it is not possible to know the exact onset of infection, but therapy is usually not begun until symptoms of infection are already present. In murine sepsis models, AG 556 was effective when given up to 2 h after bacterial challenge (22) . Further preclinical studies are needed to determine whether tyrphostins would be effective if given at time points when symptoms are well established.
In summary, tyrphostin AG 556 reduced mortality and multiorgan dysfunction in our canine model of septic shock. Most previous clinical trials have focused on agents designed to inhibit a single circulating inflammatory mediator. This approach has not been clearly effective to date. Tyrphostins are designed to inhibit tyrosine phosphorylation, thereby inhibiting cell signal transduction. They have the potential to block cell activation caused by both cytokines and bacterial products. This new approach to treat sepsis could lead to clinical benefit in this lethal syndrome.
